Bunyaviruses replicate in the cytoplasm of infected cells. New viral particles are formed by budding of nucleocapsids into the Golgi apparatus. We have previously shown that the IFN-induced human MxA protein inhibits bunyavirus replication by an unknown mechanism. Here we demonstrate that MxA binds to the nucleocapsid protein of La Crosse virus (LACV) and colocalizes with the viral protein in cytoplasmic complexes. Electron microscopy revealed that these complexes accumulated in the perinuclear area and consisted of highly ordered fibrillary structures. A similar MxAmediated redistribution of viral nucleocapsid proteins was detected with other bunyaviruses, such as Bunyamwera virus and Rift Valley fever virus. MxA(E645R), a carboxy-terminal mutant of MxA without antiviral activity against LACV, did not lead to complex formation. Wild-type MxA, but not MxA(E645R), was able to bind to LACV nucleocapsid protein in coimmunoprecipitation assays, demonstrating the importance of the carboxy-terminal effector domain of MxA. These results illustrate an efficient mechanism of IFN action whereby an essential virus component is trapped in cytoplasmic inclusions and becomes unavailable for the generation of new virus particles. L a Crosse virus (LACV), a member of the Bunyaviridae family, is the most important arboviral cause of pediatric encephalitis in North America. As many as 300,000 infections have been estimated to occur annually in the midwestern United States alone (1) . Infections in older children and adults are generally mild and often go unrecognized suggesting that humans have an efficient defense mechanism against LACV. In fact, humans seem to be dead-end hosts. The virus has never been isolated from human blood and has rarely been found in the cerebrospinal fluid (1) .
Human MxA is an IFN-induced cytoplasmic protein (2) with antiviral activity against a number of RNA viruses including bunya-and orthomyxoviruses (3) . It belongs to a family of conserved large GTPases (4) and to the superfamily of dynaminlike GTPases, which are involved in a wide range of intracellular transport processes (5, 6) . They represent force-generating enzymes that use energy from GTP hydrolysis to induce a conformational change required for their mechanochemical function.
Human MxA was shown to inhibit LACV growth in cell culture and in transgenic mice (7, 8) . It acts independently from other IFN-induced proteins as demonstrated by its protective effect against LACV in IFN-nonresponsive animals (8) . Also, MxA protein is able to mediate resistance against LACV in transfected mosquito cells (9) . These results suggest that MxA is a powerful antiviral agent on its own and may be important in protecting humans from the potentially harmful outcome of infection with LACV.
We were interested to define the mechanism by which MxA inhibits LACV. Similar to other members of the Bunyaviridae family, LACV has a segmented single-strand RNA genome in negative-sense orientation (i.e., opposite to the mRNA sense). The three RNA segments encode three structural proteins: the RNA polymerase, a glycoprotein precursor (which is processed into the envelope glycoproteins G1 and G2), the nucleocapsid (N) protein, and two nonstructural proteins (NSm and NSs).
LACV transcribes and replicates its genome exclusively in the cytoplasm. The genomic RNA (vRNA) of the incoming virus is first transcribed into mRNA by the viral RNA polymerase in a process called primary transcription. After mRNA translation, replication of the genome occurs via synthesis of full-length plus-strand complementary RNA. Transcription and replication are both catalyzed by the viral RNA polymerase. However, newly synthesized N protein is required for the RNA polymerase to shift from the transcription to the replication mode (10) . Thus, limitation of unassembled N protein reduces LACV genome replication (11) . Presumably, unassembled N associates with the viral polymerase to form the replication complex. In addition, the N protein tightly associates with the vRNA and, together with L, forms the viral nucleocapsids. These are targeted to the Golgi apparatus where the viral envelope glycoproteins accumulate and budding of virus particles into the Golgi cisternae leads to the release of new virions (10) . Previous experiments had shown that human MxA inhibits replication rather than transcription of LACV (7). Thus, primary transcription of the S segment was not affected and N protein synthesis was almost normal. Nevertheless, amplification of the viral genome was severely suppressed (7) .
Using LACV, we now describe the antiviral action of MxA against bunyaviruses. We demonstrate that MxA specifically recognizes N of LACV in infected cells. We further show that the two proteins form an assembly of elongated tubular structures resulting in cytoplasmic inclusions. This is to our knowledge the first account of a physiological interaction between an IFNinduced antiviral protein and its viral target, leading to relocalization of both components in infected cells. We propose that the MxA-mediated sequestration of N depletes the infected cell from unassembled N and that this depletion accounts for the observed block in viral genome replication.
Materials and Methods
Cells and Viruses. Cells were maintained in DMEM supplemented with 10% of FCS and antibiotics (1.5 mg of G418͞ml). We used stably transfected African green monkey kidney (Vero) cells constitutively expressing MxA (clone VA9) or the variant MxA(E645R) [clone VA(E645R)] and control cells without MxA (VN36) (7) .
The original strain of LACV was kindly provided by Ramasamy Raju, Meharry Medical College, Nashville, TN (12) . The attenuated MP12 strain of Rift Valley fever virus (RVFV) was kindly provided by Michele Bouloy, Institut Pasteur, Paris, France (13) . BUNV was kindly provided from Richard M. Elliott, Institute of Virology, University of Glasgow, U.K. (14) .
Virus plaque assays were performed as described in ref. 7 . Vero cell monolayers in six-well plates were infected with 200 plaque-forming units (pfu) of LACV. After 5 days the agar overlay was removed and the cells were stained with crystal violet.
Expression Vectors and Transfection. pHMG expression vectors were used for production of recombinant wild-type MxA (15), MxA(T103A) (16) , MxA(L612K) (17) , MxA(E645R), and TMxA (18) . The ORF of LACV N that also encodes the NSs ORF was amplified from plasmid pGEM3-LACV (provided by Ramasamy Raju) (19) . The PCR product was cloned into pSC (20) , and the overlapping ORF of NSs was disrupted by sitedirected mutagenesis leading to pSC-N.
For transient transfection, Vero cells were seeded onto glass coverslips and transfected with 2 g of plasmids by using LipofectAMINE (GIBCO͞BRL). After 24 h the cells were infected with LACV for 20 h and than analyzed by immunofluorescence.
Abs and Immunoanalysis. mAb M143, mAb 2C12 (21), a polyclonal rabbit antiserum (16) and a polyclonal guinea pig antiserum (provided by Ilkka Julkunen, National Public Health Institute, Helsinki) were used to detect MxA. Polyclonal rabbit antiserum directed against N of LACV was provided by Ramasamy Raju. The mAb directed against the G1 glycoprotein of LACV was obtained from Francisco Gonzalez-Scarano, University of Pennsylvania, Philadelphia (22) ; the mAb recognizing N of RVFV was provided by Michele Bouloy, and a polyclonal rabbit antiserum directed against BUNV N was a gift from Richard M. Elliott.
Immunoprecipitation was performed as described (23) . Cell lysates were mixed with 2 l of anti-LACV N antiserum and protein A-Sepharose in the presence of 200 M guanosine 5Ј-O-(thiotriphosphate) (GTP-␥S) for 2 h at 4°C. After washing of the beads, bound proteins were analyzed by Western blotting by using mAb M143.
For immunofluorescence analysis, cells were seeded onto glass coverslips and infected with viruses for 20 h. After fixation with 3% paraformaldehyde, cells were stained for MxA and viral antigens by using specific Abs. Antigen-bound primary Abs were detected with fluorophore (Cy2, Cy3, Cy5)-conjugated goat Abs. Cells were analyzed with a Leica (Deerfield, IL) TCS SP2 confocal laser scanning microscope.
Electron Microscopy (EM).
The cells were trypsinized, collected by centrifugation, resuspended in DMEM, and drawn into cellulose capillary tubes (24) . Cells were fixed in 1.75% glutaraldehyde, postfixed with 1% OsO4, and followed by staining in 1% uranyl acetate. For ultrathin sectioning, the capillary tubes were dehydrated in graded series of ethanol and embedded in ERL (Spurr's) resin.
For immuno-EM, cells were fixed in 2.5% paraformaldehyde, postfixed, and stained in 1% uranyl acetate. After fixation, tubes were dehydrated in ethanol by progressive lowering of temperature method as described (25) in a Leica EM AFS freeze substitution unit. After dehydration, the tubes were embedded in Lowicryl HM20 (Agar Scientific, Essex, U.K.) and finally polymerized at Ϫ35°C by UV irradiation. For postembedding labeling of the ultrathin Lowicryl sections of the cells, the mAb M143 (dilution of 1:1,000) and the affinity-purified anti-LACV N Ab (dilution of 1:200) were incubated overnight at 4°C. The immune complexes were detected with protein A conjugated to 10-nm gold particles. Ultrathin sections were counterstained with 2% uranyl acetate and lead citrate. All electron micrographs were taken in a Philips CM 120 transmission electron microscope at 80 kV.
Results

MxA Sequesters the N Protein of LACV into Perinuclear Complexes.
To investigate the effect of human MxA on LACV multiplication, we infected MxA-expressing Vero cells with a high input multiplicity of LACV. The interaction of MxA with the newly synthesized viral proteins was investigated by doubleimmunofluorescence by using confocal microscopy. Vero cells lacking MxA were used as a control. In these control cells, viral N showed normal diffuse distribution in the cytoplasm and accumulated in the Golgi compartment (data not shown). Surprisingly, in MxA-expressing cells, large complexes of N were formed near the nucleus (Fig. 1Aa ). These N complexes colocalized perfectly with MxA ( Fig. 1 Ab and Ac). Staining for the viral G protein showed that the glycoproteins accumulated in the Golgi area and did not overlap with the MxA͞N complexes ( Fig.  1 A d-f ). The MxA͞N colocalization was accompanied by a loss of the typical granular distribution of MxA, indicating that MxA had completely relocated from the characteristic cytoplasmic dots into the newly formed perinuclear complexes. In contrast, uninfected MxA-expressing cells exhibited the classical dot-like MxA granula that are distributed regularly throughout the cytoplasm (Fig. 1 Aj) . Thus, N of LACV and MxA form perinuclear complexes that are spatially separated from the Golgi apparatus where N normally accumulates in the course of virus infection, as shown in Fig. 4 a-c.
We further investigated whether LACV infection had a similar effect on the intracellular distribution of endogenous MxA in IFN-treated human hepatoma HuH-7 cells. As expected, MxA was quantitatively redistributed together with the viral N in LACV-infected cells (data not shown). We concluded that N of LACV and MxA formed these complexes as part of the IFNinduced antiviral state.
The possibility existed that the MxA͞N complexes contained additional viral components, such as viral RNAs, and might in fact represent MxA͞viral ribonucleoprotein complexes. We used fluorescence in situ hybridization to detect genomic or antigenomic viral RNAs in infected MxA-expressing cells. Fluorochrome-labeled plus-and minus-sense RNA probes were used to visualize the respective viral RNA species. The RNA probes specifically hybridized to viral RNAs in LACV-infected cells, but no obvious colocalization with the MxA͞N complexes was detected (not shown). These findings suggested that the observed complex formation presumably did not require the presence of viral RNAs.
To further demonstrate that the interaction of MxA with N was independent of additional viral components, Vero cells were transfected with a cDNA expression construct (pSC-N), which encoded the viral N. In the transfected cells, N was overexpressed in the absence of viral RNAs. Immunofluorescence analysis revealed large perinuclear complexes of recombinant N in the transfected MxA-expressing cells (Fig. 1 Ag) but not in transfected control cells (not shown). MxA had lost its granular appearance in transfected cells and was almost quantitatively relocated into the perinuclear complexes together with N protein, which was synthesized in great excess ( Fig. 1 A h and i) . In contrast, MxA was distributed throughout the cytoplasm in neighboring cells that were not transfected and did not express the N protein ( Fig. 1 A h and i) . Thus, expression of N from a plasmid had the same effect as expression of N during viral infection, indicating that the relocation of MxA was a direct effect of N expression and was independent of other viral structures.
MxA is known to be inhibitory to most members of the Bunyaviridae family (7). Therefore, we analyzed the ability of MxA to colocalize with the N proteins of two additional bun-yaviruses, namely Bunyamwera virus (BUNV, representing a second member of the genus Bunyavirus) and RVFV, belonging to the genus Phlebovirus). Similar to the situation with LACV, infection of MxA-expressing Vero cells with either BUNV or RVFV lead to the formation of large perinuclear MxA͞N complexes, as demonstrated by double-immunofluorescence analysis (Fig. 1B) .
To investigate whether MxA binds directly to N of LACV, we performed an immunoprecipitation analysis. Cell lysates were prepared from either infected or uninfected MxA cells and subjected to immunoprecipitation, using an N-specific Ab. We have previously noticed that GTP-binding is critical for the interaction of MxA with viral target structures (23) . Therefore, the immunoprecipitation procedure was performed in the presence of the nonhydrolyzable GTP analog GTP␥S. By Western blotting using an MxA-specific Ab it was evident, that MxA precipitated together with N of LACV (Fig. 1C) . This interaction only happened in the presence of GTP␥S. No coimmunoprecipitation occurred in the absence of GTP␥S or in the absence of viral infection (Fig. 1C) . Thus, MxA physically interacts with the viral N protein in infected cells, and this interaction is stabilized by the nonhydrolyzable GTP analogue.
Ultrastructure of MxA͞N Complexes.
To study the structure of the MxA͞N complexes, we performed EM of infected MxA cells, using the cellulose capillary tube technique (24) . After virus infection, stacks of filamentous bundles were detected in MxAexpressing cells (Fig. 2a) . These structures consisted of individual filaments with a diameter of 15-20 nm, were highly ordered, and located in the perinuclear area of the cells. The filaments were only visible in MxA-expressing cells infected with LACV, whereas no such structures could be detected in sections of LACV-infected control cells (Fig. 2b) .
To confirm that these structures were composed of MxA and LACV N, sections of infected cells were incubated with Abs directed either against N or MxA. The bound primary Abs were visualized by using immunogold-labeled Protein A. Both Abs specifically stained the filamentous structures in LACV-infected MxA cells indicating that the filaments were composed of both viral N and MxA ( Fig. 2 c and d) . In all other cell compartments, no such staining could be detected.
This ultrastructural analysis revealed no obvious connection of the MxA͞N complexes to other subcellular structures. A possible association with intracellular membranes was excluded by immunofluorescence analysis, using structure specific markers for the endoplasmic reticulum or the pre-, cis-, and transGolgi compartments (data not shown). We conclude that the MxA͞N filamentous complexes developed independently from other cellular structures and localized preferentially to the perinuclear area of the cytoplasm.
Formation of MxA͞N Complexes Correlates with the Antiviral Activity
of MxA. A mutant form of MxA, MxA(E645R), has a glutamic acid to arginine substitution at position 645. This single amino acid exchange in the C terminus influences the antiviral specificity of the molecule (18) without affecting its GTPase activity (26) . MxA(E645R) has specifically lost its antiviral activity against vesicular stomatitis virus (VSV) but not against influenza A virus (FLUAV) and Thogoto virus (THOV) (18, 27) . We first tested the ability of MxA(E645R) to interfere with the multiplication of LACV. Vero cells that constitutively expressed wild-type MxA or MxA(E645R) were infected with LACV, and virus growth was analyzed by plaque formation. As expected, wild-type MxA strongly inhibited the appearance of plaques (Fig. 3Ab) . In contrast, the mutant MxA had no effect on the number and size of the plaques, which were comparable to those of control cells (Fig. 3A a and c) . This demonstrated that MxA(E645R)-expressing cells were fully permissive for LACV. Next, we investigated whether MxA(E645R) had also lost the ability to interact with the N protein of LACV. To address this point, the interaction of MxA(E645R) with N was assessed in coimmunoprecipitation assays. Vero cells expressing MxA or MxA(E645R) and control cells were infected with LACV or were left untreated. Proteins in the cell lysates were immunoprecipitated with the N-specific antiserum in the presence of GTP␥S and analyzed by SDS͞PAGE and immunoblot assay. In addition, the expression levels of MxA, MxA(E645R), and N were confirmed by Western blot analysis of the crude cell lysates (Fig. 3B Lower) . The immunoprecipitation analysis showed that the mutant form of MxA did not coprecipitate with N, in contrast to wild-type MxA (Fig. 3B Upper) , indicating that MxA(E645R) was unable to recognize this viral component.
We then determined the intracellular distribution of MxA(E645R) in LACV-infected cells by immunofluorescence analysis. In uninfected cells, mutant MxA(E645R) exhibited the characteristic granular immunofluorescence pattern, similar to wild-type MxA (not shown). Interestingly, LACV infection did not change this pattern, and the mutant protein remained in small dots distributed all over the cytoplasm (Fig. 4h) . Also, viral N accumulated in the Golgi compartment of these cells, similar to the situation in infected control cells (Fig. 4 a-c and g-i) . In contrast, wild-type MxA dislocated from the punctate pattern to large perinuclear complexes, together with N (Fig. 4 d-f ). These findings are consistent with the lack of antiviral activity of MxA(E645R) against LACV.
We tried to further correlate the antiviral activity of MxA with the mislocalization of N, using additional MxA mutants. MxA(L612K) has a single amino acid substitution from leucine to lysine at position 612. As a consequence, it has no GTPase activity and is defective in self-assembly (17, 28, 29) . This mutant, however, is antivirally active against FLUAV, THOV, VSV, and LACV, like wild-type MxA (17, 29, 30) . MxA(T103A) differs from wild-type MxA by a threonine to alanine substitution within the N-terminal GTP-binding domain. This mutant lacks GTPase activity, is antivirally inactive, and tends to form large homooligomers when expressed in transfected cells (16) . TMxA carries at its N terminus a foreign nuclear translocation signal derived from the simian virus 40 large T-antigen. This modified wild-type MxA accumulates in the nucleus and is antivirally active against FLUAV and THOV but, in contrast to cytoplasmic MxA, not against VSV or bunyaviruses, which replicate in the cytoplasm of infected cells (18, 27 ; M. Sandrock, O.H., and G.K., unpublished observations). These mutant MxA proteins were transiently expressed in Vero cells to investigate colocalization with LACV N. Expression of MxA(L612K) lead to the formation of large complexes together with N (Fig. 4 j-l) . In contrast, the distribution of MxA(T103A) and TMxA was not affected by LACV (Fig. 4 m-r) . The GTPase-inactive MxA(T103A) did not colocalize with N which partially accumulated in the Golgi compartment. Likewise, the nuclear TMxA had no influence on the normal localization of N. These results support our hypothesis that the intracellular sequestration of N into the large perinuclear complexes leads to the inhibition of virus replication in MxA-expressing cells.
Discussion
Here we demonstrate that the human MxA protein inhibits replication of LACV by targeting the viral N protein to perinuclear complexes. The N protein, which is the major component of the viral nucleocapsid, has a central role not only in virus assembly but also in genome amplification. It is essential in the process of vRNA synthesis because it helps the viral polymerase to switch from the transcription into the replication mode. We now show that MxA interferes with this process by sequestering newly synthesized viral N into large perinuclear complexes. This leads to a depletion of freely available unassembled N and a block in LACV genome amplification. As a consequence, the assembly of nucleocapsids and the formation of new viral particles are severely hampered. We further show that this antiviral mechanism is of general significance because it works in the same way against other bunyaviruses, such as BUNV and RVFV.
We have demonstrated that MxA and N form tightly packed fibrillary bundles in the cytoplasm of infected cells. The same structures are formed when N is expressed from a plasmid, provided MxA is present. This result indicates that additional viral components are not required for the observed MxA͞N complex formation. This is remarkable because, in the case of THOV, we have previously found the MxA recognizes nucleocapsids rather than free nucleoprotein (23, 31, 37) . Given the tendency of bunyavirus N proteins to associate into multimers (32, 33) , it is conceivable that N of LACV spontaneously forms nucleocapsid-like structures that are preferentially sequestered by MxA into the perinuclear complexes described here. In the absence of MxA, comparable structures are not detectable, indicating that MxA and N have to cooperate to form these highly ordered structures. Immunogold labeling revealed that the filaments are indeed composed of both the viral N and MxA. The exact stoichiometry and morphology of these filaments is presently unknown and awaits further structural analysis at higher resolution.
Using mutant forms of MxA, we show that the antiviral activity and N recognition by MxA are most likely connected. MxA is organized in two functional domains, an N-terminal GTPbinding domain and a C-terminal effector domain containing two highly conserved leucine-zipper motifs (4). It has previously been shown that mutations within the N-terminal GTP-binding domain result in a loss of antiviral activity (16, 34) . Accordingly, when mutant MxA(T103A) is expressed in LACV-infected cells, this inactive MxA mutant failed to form complexes with N, and the viral protein was able to reach the Golgi compartment. The importance of GTP-binding also was demonstrated in coimmunoprecipitation assays. Coimmunoprecipitation of wild-type MxA with N was strongly dependent on the presence of GTP␥S, a nonhydrolyzable GTP analog. This is in agreement with previous findings showing that GTP␥S stabilizes MxA in a conformation optimal for target binding (23) . The C-terminal effector domain of MxA plays an important role in target recognition (18) . A single amino acid exchange (E645R) within the distal leucine-zipper motif changed the antiviral specificity of MxA, such that the mutant protein loses its antiviral activity against VSV, but maintains wild-type activity against FLUAV and THOV (18, 27) . The present results show that MxA(E645R) has also lost antiviral activity against LACV and, coincidentally, the capacity to recognize the viral N, as demonstrated in immunoprecipitation and immunofluorescence assays. These findings demonstrate that the formation of MxA͞N complexes relies on a highly specific protein-protein recognition that is governed by the C terminus of MxA. They also support the hypothesis that MxA͞N complex formation and antiviral activity are causally linked.
In MxA-expressing cells, immunofluorescence analysis usually shows a granular appearance of MxA throughout the cytoplasm. In LACV-infected cells, these punctate granula gradually disappeared, and a complete redistribution of MxA into the perinuclear complexes was observed. We have previously proposed that the MxA granula found in uninfected cells represent a storage form of inactive MxA oligomers, from which active MxA monomers can be recruited (17) . In infected cells, MxA monomers in the active conformation would bind to their targets and recruit more MxA monomers into these complexes. The present findings are compatible with this view. They also are supported by the finding that monomeric MxA(L612K) was equally efficient as wild-type MxA in sequestering LACV N. Obviously, MxA(L612K) has lost its ability to form large homooligomers (28, 29) but is still capable of forming assemblies with the viral target structures resulting in perinuclear complexes. In summary, these data suggest that MxA can form two types of oligomers, namely homooligomeric storage complexes distributed throughout the cytoplasm and perinuclear copolymers with the N protein.
The ultimate fate of the MxA͞N complexes is presently not known. They appear to be stable, localize predominantly in the perinuclear area, and have no obvious connection to defined subcellular compartments, indicating that they represent autonomous structures. It has previously been described that misfolded or defective cellular proteins are sequestered to metabolically stable inclusion bodies located close to the nucleus by a dynein-dependent retrograde transport on microtubules.
These cytoplasmic deposits of aggregated proteins were called aggresomes and were proposed to help to protect cells from potentially toxic protein aggregates (35) . The MxA͞N complexes described here resemble aggresome-like structures, and the involvement of a microtubule-dependent transport mechanism in their formation has to be determined.
MxA has antiviral activity against a variety of RNA viruses (for a review see ref.
3). In most cases, MxA seems to inhibit an early step in the virus multiplication cycle. It inhibits primary transcription of VSV, measles virus, and THOV (15, 31, 36) , most likely by interfering with the transcriptional activity of the infecting nucleocapsids, which represent the transcription and replication units of negative strand RNA viruses. In the case of THOV, MxA prevents incoming viral nucleocapsids from being transported into the nucleus in which THOV primary transcription occurs (31, 37) . In the case of LACV and other bunyaviruses, as shown here, MxA recognizes newly synthesized viral N protein and forms large MxA͞N copolymers that accumulate in the cytoplasm of infected cells. As a consequence, the drop in the amount of free N below a critical concentration may block genome amplification, without affecting viral transcription. Likewise, FLUAV and parainfluenzavirus type 3 seem to be blocked by MxA at the level of genome amplification (38, 39) , and it is conceivable that a similar antiviral mechanism is at work. Elucidating the mechanism of MxA action should help to better understand innate immunity against RNA viruses and provide new means to control these human pathogens.
